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In the following paper are given the results of an investigar

tion into the magnetic properties of the iron alloy called

" Stalloy." Particular attention has been given to " Stalloy
"

by many investigators on account of the claims made by its

inventor (Hadfield) with regard to its magnetic properties. The
special feature of this alloy is its high specific electric resist-

ance and high permeability. The specific resistance being

about four times that of the best transformer iron, the eddy-

current loss for a given thickness of sheet would be greatly

reduced, so that lamination need not be carried out to anything

like the extent necessary with ordinary iron, and the question

of insulation of laminae becomes less troublesome. It is more

expensive than ordinary iron, but the increased expense is com-

pensated by a reduction in size oi the transformers etc., con-

structed of it, an increase in output, and greatly improved

efliciency.

The special chemical feature of " Stalloy "'
is that it con-

tains about 3.4 per cent. Silicon. The value of this alloy is

emphasised in a paper by Epsteini, where several tests of its

properties are given.

Several investigations liave been made by other experimenters

by direct current methods, which agree fairly well together.

1 Epstein. J.I.E.E., vol. xxxvi., 1907. Professor Turner gives the analysis as follows :

Carbon .03, Silicon 3.4, Sulphur .04, Phosphorus .01, Manganese .32, Iron 96.20 per cent.
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The most interesting of these are given by Wilson and others^

Watson,"^ and the manufacturers, Sankey and Sons."'

Som,e interesting experiments on an alloy very closely allied

to " Stalloy '" are given by Barrett, Brown, and Hadfield"', and

by Baker .'^

The object of the present research was to investigate the

nuignetic properties of " Stalloy,'' not only with direct cur-

rent, but also with alternating currents of varying frequencies,

quencies.

The experiments have been divided into three divisions: —
(1) Statical tests.

(2) Effect of variation of frequency on magnetic hysteresis.

(3) Eft'ect of annealing upon each of the above.

The usual statical experiments were made for inductions ex-

tending up to about 14,000. From these results were cal-

culated the hysteresis losses and Steinmetz coefficients using as

exponent in the usual formula the value 1.6 which was found to

be approximately correct for this substance. The determina-

tion of these coethcients is important as from their values we

are able to separate the hysteresis from the total loss in each

of the alternating experiments.

The tests were made upon two rings as nearly alike as

possible, one annealed, the other unannealed.

The alternate current experiments were divided into three

series, of periods .07, .035. .0:^ respectively. In each of these

the period and wave form of the nuignetizing current were kept

as nearly as possible constant as the induction density in-

creased. The expressions for the amplitude and phase both of

H and B are given in the tables which follow.

From these expressions, for each pair of associated waves of

H and B was calculated the total loss per c.c. per cycle (I).

This was found to follow fairly well a formula proposed by

Lyle^ for total loss in iron, namely :
—

1 Wilson, Winson and O'Dell. Proc. Roy. Soc. Lend., 1908, vol. lx\x,

•2 Watson. Klectrician, vol. Ix., p. 4.

3 Article "Stallov." Electrician, vol. Iviii., p. 692.

4 Barrett, Brown and Handfield. .J.I.K.E., 1902.

5 Baker. J.I.E.E., December, 1904.
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Avhere a, /3 and r are constants for the material, n the fre-

quency and ^ is the " eflfective induction," a quantity of great

importance in the calcuhition of the eddy current loss (E), as

will be explained later.

The method employed was similar to that described by

Professor Lyle'. By means of his wave-tracer'- the wave forms

of the mairnetiziny cvirrent and the resultant magnetic tlux

pulsating in the iron can be accurately determined. Tlie full

wave being obtained, fifteen ordinates per half wave were taken,

from which, without plotting, the first, third and fifth har-

monics composing the waves can be calculated. Two methods

of harmonic analysis were used (1) for approximately sinusoidal

waves, that devised by Lyle', (2) for waves into which har-

monics higher than the fifth entered consideral)ly, that of 8. P.

Thompson*.

The wave forms having been analysed, the results were re-

duced to absolute measure by the apiDlication of pro^^er factors^.

The magnetizing force and induction w^ere thereby obtained in

the form

—

H = Hj[sinoj/+ A^sin3(w/ - </>.,) + /'.5sin5(W -</>-)+ ]

B = B,[sin(oj/ -6) + A^sin3(a)/ - $,) + A-,sin5(W -0,)+ ]

In general, harmonics higher than the fifth were neglected

and are not given in the tables. In calculating the total losses,

however, these upper harmonics were included.

From these equations the value of the total loss per c.c. per

cycle—

1 = 1 fudn
47ry

4

is determined.

The amount of eddy-ciirrent loss per c.c. per cycle (E) was

calculated from the approximate formula given by Searle and

Bedfordl

1 T. K. Lylf. l-liil. .Mat,^, 1!)0.=>, vol. ix.

2 T. K. L.vle. I'liil. Ma^., 19(W, vol. vi.

3 T. R. Ljle. Phil. Ma<,'., 190U, vol. xl., also Proc. Roy. Hoc. \ ictoiia, vol. x\ii.

4 S. v. Thompson. Klectiioiaii, lOOf..

5 Searle and Hedfonl. I'hil. Trans., 190-2, App.
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Where X is the space average of eddy-current loss.

X the thickness,

p the specific resistance,

fx. the permeability being assumed constant.

From this the eddy-current loss per c.c. per cycle may be

reduced to the form^.

E = —V-'

6pT^
where V. = Bj[l + 9l>.f + 25^,- -l-

]i

The statical hysteresis (U) was determined by Ewing and

Klaasen's ballistic method, and from the results the 8teinraetz co-

efficient o" obtained was plotted against the maximum induction by

the use of the formula

—

U= crBiL.

In order to determine the value of U for alternating cur-

rents, it was assumed that it was equal to that obtained by the

statical method for maximum induction equal to the maximum
value (B(,) of B. From the above mentioned graph and formula

U has been calculated for all inductions.

Having obtained all these quantities, the values of I-U-E,

called by Fleming the ' kinetic hysteresis,' were calculated.

These as well as I, U, E, have been given for each experiment.

The rings were prepared from the same sheet and were

made as nearly alike as possible. A thin sheet of waxed paper

separated each pair of discs and the wire used in the winding

was taken from the same coil. xVfter the laminae were well

cleaned the mean thickness was determined by the specific

gravity method.

The specific resistance was determined by the " drop of

potential " method against a standard .1 ohm by means of a

Wolff's potentiometer. Experiments were n)ade on two samples,

one of length about 80 cms. cut from the sheet, and another
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from a thin annulus cut from one of the actual rings used.

The results differed by less than .1 per cent and agreed fairly

well with the results of other experimenters.

The details of the coils are :
—

No. of laminae

Internal diameter -

External ,, - -

Mean thickness (x)

Area of cross section

Length of magnetic circuit

Primary turns

Secondary turns

Specific resistance at 19° C
Specific gravity at 19° C

Annealed.

6

6.927 cms.

9.549 cms.

.0757 cm.

.5953 sq cm.

5J5.87 cms.

135

10 or 50

50320

7.58

Unaniiealed.

6

6.927 cms.

9.557 cms.

.0739 cm.

.5830 sq. cm.

25.90 cms.

135

10 or 50

50440

7.582

The reduction factor of the galvanometer used in the second-

ary circuit was obtained by passing the current from a cadmium
cell through a megohm and the galvanometer in series.

All the resistances used were carefully tested during the course

of the experiments, as were also the two standard M coils which

were used to determine the absolute value of the magnetizing

force.

The symbols used in the accompanying tables are as follow;

—

T = period = 27r/ci) = -07, "035, "02 approx.

H= HjUinW + k.^s\n.3{o)^ -
(j)-^) + /i-jsin5{u}^ -

<f>^) + ]

B = Bi[sin(a>/ -0) + A,sin3(W -0 - t/^,) + /;5sin5(w/ - 6 -
if/,,) + . .

]

fxo = Bj/Hi IX = Bo/Hfl.

U= o-B,, g = 2 id\i\
^R.M.S.(^)

I = Total loss per c.c. per cycle.

U= Statical hysteresis loss per cycle.

E = Eddy current loss per cycle.

I —U—E = Kinetic hysteresis per cycle.

In Tables I., II., III., are given the analytical results reduced

from the series of experiments on the annealed ring, while
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Tables IV., V., VI., give the corresponding results for the un-

annealed ring.

In each set a space is left in the rows below which the in-

fluence of the higher harmonics begin to be noticeable. Gen-

erally the sign of these higher harmonics is negative in

the magnetizing force, and in the induction always positive.

S. P. Thompson's method of analysis was used for these more

distorted waves and the inclusion of the higher harmonics con-

siderably modified the total losses.

A])ove the space in the rows, the readings may be taken as

Ijelonging to approximately sinusoidal waves. In the graphs

all the chief characteristics of the induction waves are plotted

against the amplitude of their first harmonic (Bj).

The results of the statical experiments show several inter-

esting features. The hysteresis constant has its masimum value

uljout .0015 which is about the same as Epstein's value. On

plotting it against the induction a smooth curve was obtained

which rises from the origin to a maximmn value at an induc-

tion of 3000 (the value of a- being .00122), it then decreases

to a minimum at 4000, after which there is a steady rise which

continues as far as the experiments go. This curve is similar

in shape to that obtained when using ordinary iron.^

" Stalloy " needs careful handling especially in the unan-

nealed state in order to obtain symmetrical results. When the

magnetizing current is gradually increased and reversals are

freipiently the hysteresis loops are symmetrical and the Stein-

metz coefficient when plotted against the maximum induction

gives a smooth graph. But if, after working at high densities,

an experiment is made with a small magnetizing foi'ce the loop

will be found to be unsyunnetrical and the corresponding value

of o- will lie outside the previously obtained cr graph. This

has also been drawn attention to by Wilson. In the unannealed

state therefore '" Stalloy " seems to be magnetically unstable so

that the previous history of the material has a very marked

effect upon its subsequent behaviour. The annealed " Stalloy
"

showed similar results but these were very little more notice-

able than those obtained for ordinary iron.

1 T. R. Lvle. Loc. cit.
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The other chief results of annealing are to increase the per-

niealjility and to lower the hysteresis loss. The values of the

permeability ^a did not rise to nearly the values obtained by

other observers. For unannealed " Stalloy "' the maximum is

2660 at an induction of about 40(K) and in the annealed rises

to 3500 at an induction of about 6000.

Table W. Statical Results.

(a) Unannealea Stalloy.

N°
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In making comparisons betAveen " Stalloy " and ordinary

iron the results obtained bv Professor Lvle for good samples

of transformer iron have been assumed.

In Figs. 1, 2a, 21), the more important characteristics of

the induction waves which are set out in Tables I. and IV. are

plotted against the amplitudes of the first harmonics of these'

waves.

The curves obtained for " Stalloy " are typical in general

appearance of those obtained for iron and, although plotted

here for only tlie lowest frequency, will be found similar in ap-

pearance for all the induction waves, provided the periods are

constant throughout a series of experiments and are produced

by currents of similar wave forms.

The characteristics /x^ and 6 fall in all cases to low values as

the values of Bi become small and probably vanish with B^-

The rise of in the region of low densities is steeper for annealed

iron than for annealed "Stalloy," the appearance of the graph

for iron being somewhat like that drawn here for the unannealed

"Stalloy." There is this important difference, namely, that for

iron, frequently rises to maximum of 52° whereas for "Stalloy'

the maximum obtained for the same frequency was 47°.

The effect of annealing upon d is to increase its magnitude for

all inductions over about 2000. It will be noticed in the accom

panying graph that the maximum value of increases on anneal-

ing from 33° to 38°. After attaining a maximum value for the

graph assumes a steady downward gradient, which is practically

constant for both annealed and unannealed samples. Along this

gradient there is approximately a constant difference in value

of of about 8° for all values of the above inductions. For

ordinary working inductions therefore 8° may be taken as the

increase effect produced upon $ by annealing.

A difference in the appearance of the permeability curve is

to be noted. For iron this curve takes an almost parabolic form,

having its axis vertical and its apex at an induction of about

10,000 the maximum value of /x,, rising only a little above

3.000 generally.

Annealed "Stalloy" has a maximum permea))ility of 4140

which is attained at an induction of 6500, while tlie unannealed

ring gives a maximum value of aljout 3100 at an induction of
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4500. The /x,,, graph for " Stalloy " is therefore steeper for the

smaller inductions before the maximum value is reached, after

this the downward gradient is more gradual than for iron and at

the same time more constant. Tn general, for a given induction

[jlq is considerably greater for " Stalloy " than for iron.

The effect of annealing is to increase the value of the char-

acteristic very largely. The magnitude of this increase will be

best seen in Fig. 1, the corresponding curves for the other

periods of alteration being very similar in appearance.

The total loss (I.) in the ''Stalloy" shows a distinct im-

provement over that for iron. For all inductions and for all

frequencies the total loss is found to be less for "Stalloy " than

for ordinary iron of the same thickness. A very fair impres-

sion of the Stalloy " total losses will be obtained by taking

two-thirds of the corresponding values for ordinary iron at all

inductions. It is also important to notice that these losses

are greatly reduced by annealing. This reduction is not very

appreciable for inductions below 5000, but above that there is

a marked difference. It will be noticed however that the curves

intersect where the induction is 15,500 ; for inductions above

this the annealed losses increase very rapidly. In comparing

these figaires with those obtained for iron by Lyie it should be

remembered that we have included the effects of the higher har-

monics which in the unannealed ring were considerable. The
conclusions arrived at for these total- losses, namely that
" Stalloy " is superior to iron in this respect and that anneal-

ing very considerably reduces such losses, although discussed

for one speed only are fully borne out by the results for the

other speeds as will be readily seen by plotting curves for the

total loss from the other tables given.

Fig. 2a shows the effect of annealing upon the phase lag of

of the third and tifth harmonics of the induction behind the first.

Both i/fo and i/^- fall rapidly from a maxiniuni value for each as

the value of Bj is increased from zero, they then seem to reach

small limiting values when B, is increased to high values. Here
again as in the statical experiments the necessity of careful

handling was proved imperative. We obtain further evidence

of the instability of the unannealed " Stalloy," for in general the

experimental vari:.«tion from the graph is wider for it than for



338 H. R. Hninley and A. L. Rossiter

:

the annealed " Stalloy." In one series of experiments in which

the readings were extended to an induction of about 20,000 the

analysis showed that all the (//-'s suddenly tended towards a zero

value but as the higher harmonics were so pronounced and the

wave form so distorted these results are nut included in the

tables or graphs. That these angles tend to zero value at the

high inductions may be seen by plotting the readings for Table

III.

Comparison with iron show that for extreme values, i.e., for

very low and very high inductions the values of tlie ^'s are about

the same. But between these limits the " Stalloy " gradient is

less steep than that for iron especially for the higher frequencies,

so that in general for a given induction \p is greater for " Stalloy "

than for iron. Annealing as can be seen in Fg. 2a has the eifect

of increasing \^ for all inductions, this increase being more marked

in the higher frequencies.

In Fig. 2b are given the corresponding curves for /i^ and b^.

These curves apparently start from the origin, rise rapidly until

Bi = 1000 and then steadily and gradually increase. The shapes

of the curves are similar to those obtained for iron, and the

values obtained about the same, a very slight increase being

noticeable. Annealing makes only a slight difference in these

characteristics for the low frequency, for the curves intersect more

than once, and what variation there is might almost be due to

instability. On plotting the figures for the higher frequencies,

however, we notice a gradual decrease as was the case for iron in

the values of b^ and b^ as we increase the frequency, as well as a

marked difference between the values for the unannealed and

annealed " Stalloy," which amounts in the highest speed taken

to about 10 per cent, of the latter.

From a practical point of view Fig. 3 is perhaps the most

interesting. In this figure the A'alues of the total, hysteresis,

and eddy-current losses are given for the annealed ring. These

curves show^ an almost proportional increase of I and E with

increase of frequency. That this should be so for E is evident,

but on examination we find that I is given approximately in

terms of n and ^ for values of induction up to 11,000 by

the Steinmetz analogue proposed by Lyle for iron. Namely
for the annealed rinsr.
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I = (.00106 + .0000226«)§'''-'

and for the unannealed ring

I = (.00184
+.0000331«)^i '•

These forms agree fairly well with experiment except in a

few isolated cases occurring chiefly in the unannealed sample.

The value of the exponent for each case is remarkable, for

it seldom falls below 1.57 for iron.

A fair average equation for transformer iron was found to be

I = (.00175 + .000027«)^i •''

The results for eddy-current losses found by us fully sub-

stantiate the claims made by the makers of " Stalloy." Tlie

value of the specific resistance was found slightly higher than

that given by other experimenters but 50,000 may be taken as

a fair working value. • These discs, which are much thicker

(.075 cm q.p.) than those usually used in iron work, show an

eddy-current loss much less than that calculated for iron of only

half the thickness, the value being about one quarter of the

total loss. Seeing that for " Stalloy " I is itself less than for

iron, the former must be considered admirably suitable for

transformer work. The values of E increase rather considerably

with increase of frequency the relative increase being greater

than for I. This fact will be seen from Fig. 3 which gives

all the losses to the same scale.

Perhaps the most remarkable results are those obtained for

the hysteresis loss U. The values for the middle frequency (.035)

only are plotted in the figures ; but by examining the Tables I. and

III. it will be found that the values for the other frequencies prac-

tically coincide with those from which the graph is plotted. Results

for ordinary iron show an increase of ~ U with frequency which

although small is still much greater than the maximum variation

for "Stalloy " wliich occurs between the frequencies .035 and .02.

The values of U for frequencies .07 and .035 are practically identi-

cal. For " Stalloy " therefore U seems to be independent of

the frequency and only about half the magnitude of that ob-

tained for ordinary iron.

The values of the " kinetic hysteresis " I-U-E are given in

the tables. On plotting, these results will be found to form

smooth graphs which reveal an increase of magnitude with

increase of frequency. Here again the values are less than
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those obtained for transformer iron. The values of U obtained

by us are less than those obtained by Wilson, Winson and

O'Dell, and others, but are practically identical Avith the results

given by Barrett, Brown and Hadfield for a sample of silicon

iron closely allied to " Stalloy " in composition.

Fig. 4, which shows the effect of variation of frequency

upon the retardation and permeability for the annealed sample,

is interesting in view of the results just referred to. In general

the results show a similarity of vai'iation to those obtained for

iron, that is increases regularly with increase of frequency

while yuo decreases. In both cases the maxima are reached at

about the same induction, those for at an induction of 4500 and

for /Xq at an induction of about 6500.

One point is striking, namely, that the graphs for /x^ for fre-

quencies .035 and .02 intersect. Since there were a fair number

of points taken and the results were very different in the twa

cases, this cannot be due to experimental error nor to any varia-

tion in the wave form of the magnetizing current, for the tables

show this to be very constant. Corresponding to this deviation

from the usual result will be noticed a distinct difference in the

general appearance of the graphs for 6 which is not existent in

the graphs for iron. This correspondence is to be expected

seeing that [x^ and 6 each depend on Bj and o> as well as upon

the wave form of H,. Wliatever deviation from the usual rule for

iron there is, seems to have taken place in the middle frequency,

so that for this particular frequency /x,, is for inductions up 5000

less that one would expect. It may be possible that the previous

high current densities used in the lower frequency had some after

effect lasting until the maximum was reached, though precau-

tions were taken to avoid this.

Summing up, therefore, generally, we may say that the chief

results to be noticed are that —
(1) "Stalloy" cannot be used to advantage in the un-

annealed condition.

(2) In the annealed state the results obtained fully bear

out the claims made by the makers, the permea^

bility being very high and the losses small, par-

ticularly the eddy-current loss.
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